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ABSTRACT 


Reflection  interferometer  measurements  can  be  used  to  describe 
the  propagation  conditions  affecting  the  degree  of  ray-path  bending.  In 
combination  with  these  measurements  relatively  simple  meteorological 
measurements  at  the  lake  surface  can  indicate  the  magnitude  of  the 
refractivity  gradient  and  its  vertical  extent. 

In  combination,  the  two  methods  appear  to  provide  a  technique 
to  determine  the  effective  propagation  conditions  by  direct  radio  signal 
diagnosis  and  with  a  minimum  degree  of  meteorological  support. 
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INTRODUCTION 

The  Cold  Lake  radio  propagation  experiment  was  designed 
to  measure  the  effects  of  propagation  conditions  on  microwave  trans¬ 
missions  received  through  the  troposphere.  By  employing  a 
reflection  interferometer  technique,  the  experiment  not  only 
permitted  the  observation  of  multipath  propagation  effects  but  also 
the  determination  of  the  effective  ray-path  bending.  ^  From  the 
radio  meteorologist's  point  of  view,  the  experiment  presented  an 
opportunity  to  measure  and  explain  the  propagation  conditions  which 
occurred  over  various  times  of  the  day  and  from  week  to  week. 

These  conditions  were  then  related  to  their  effects  on  the  radio 
transmissions.  To  obtain  meaningful  measurements  of  the  propa¬ 
gation  conditions,  a  coordinated  effort  was  made  to  cover  three 
areas  of  meteorological  investigation. 

The  most  extensive  series  of  measurements  used  a  C-131 
aircraft  fitted  with  probes  to  measure  and  record  index  of  refraction 
directly,  as  well  as  other  associated  parameters  such  as  pressure, 
temperature,  air  speed,  etc.  Details  of  the  installation  and  its 
capabilities  are  given  in  Appendix  I.  During  the  time  radio 
measurements  were  being  made,  the  aircraft  flew  a  pattern  of 
horizontal  and  vertical  soundings  along  the  radio  path.  The  recorded 
data  were  then  used  to  determine  the  temporal  and  spatial  variations 
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taking  place  during  the  test  and  to  observe  fine  structure,  such  as, 
elevated  layers,  which  could  affect  radio  propagation. 

A  second  effort  concentrated  on  measurements  of  the  surface 
conditions  at  Cold  Lake  from  a  boat.  This  data  was  extremely 
important  in  order  to  observe  the  variations  of  the  propagation 
parameters  beyond  the  lower  limit  of  the  aircraft  measurements. 

The  final,  and  very  important  measurements  of  the  index 
profile  were  made  using  radiosondes.  Although  fine  structure  was 
generally  absent  from  these  soundings,  it  was  found  that  the  radio¬ 
sonde  profiles  provided  a  very  satisfactory  representation  of  the 
average  propagation  conditions.  Generally,  three  soundings  were 
made  during  each  mission,  and  in  addition  records  were  obtained 
of  the  surface  conditions  at  launch.  These  radiosonde  soundings 
assisted  in  the  aircraft  calibration  at  the  higher  levels  and  were 
also  used  to  observe  the  influx  of  modifying  air  masses. 

Radio  signals  received  at  low  angles  are  generally 
affected  by  the  propagation  conditions  in  the  first  few  hundred  feet 
of  the  troposphere.  For  this  reason,  a  concentrated  effort  was 
made  to  relate  the  vertical  variations  of  the  index  of  refraction 
in  this  region  with  the  local  meteorological  changes  which  took 
place  over  the  surface  of  Cold  Lake.  From  this  analysis  it  was 
intended  that  a  certain  set  of  consistent  meteorological  measurements 
might  be  established  which  would  determine  and  predict  the  propagation 
conditions  for  over-water  tests  of  this  kind.  At  the  same  time,  the 
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interferometer  measurements  would  hopefully  serve  as  an 
independent  method  to  determine  the  propagation  environment  and 
to  some  measure  reveal  information  about  the  meteorological 
parameters.  The  geography  of  the  test  area  is  shown  in  Figure  1. 
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Figure  1.  Geography  of  the  Test  Area 
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SECTION  II 
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A  REVIEW  OF  SOME  BASIC  METEOROLOGICAL  PARAMETERS 
USED  TO  PREDICT  THE  VERTICAL  INDEX  STRUCTURE 

The  index  of  radio  refraction  determines  the  velocity  of 
electromagnetic  propagation  and  the  index  gradient  normal  to  the 
direction  of  travel  determines  the  amount  of  bending  which  occurs.1-^  J 
For  this  experiment,  the  amount  of  bending  is  of  most  interest  because 
it  may  define  the  shape  of  the  vertical  index  profile. 

Within  the  troposphere,  the  index  of  refraction  varies  only  a 
few  hundred  parts  per  million  therefore  it  is  convenient  to  introduce 
the  quantity  N  , 


N  =  (n  -  1)  x  10s 


(1) 


77.  6 
T 


.  4810e 
P  +  -j - 


LRef.  3]  (2) 


where 

N  =  the  radio  refractivity 

n  =  the  radio  index  of  refraction 

T  =  absolute  air  temperature  (deg.  Kelvin) 

p  =  air  pressure  (millibars) 

e  =  partial  water  vapor  pressure  (millibars) 
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It  is  important  to  note  for  later  discussion  that  the  saturated 

water  vapor  pressure,  es  ,  is  strongly  dependent  on  the  air  temper- 

,  C4] 

ature. 

During  the  Cold  Lake  test  period  the  surface  pressure  varia¬ 
tions  were,  at  most,  about  25  parts  in  a  thousand,  therefore,  the 
index  structure  was  largely  independent  of  air  pressure.  Surface 
air  temperature  variations  were  within  10°C  or  represented  about 
a  o  percent  variation  when  converted  to  degrees  Kelvin.  However, 
this  3  percent  air  temperature  variation  could  potentially  effect 
changes  in  the  water  vapor  pressure  as  great  as  +_  43  percent  about 
an  average  value.  So,  it  is  apparent  that  the  index  of  refraction 
variations  near  the  lake  surface  are  greatly  dependent  on  small 
changes  which  occur  in  the  local  air  temperature  and  on  the  moisture 
content  and  temperature  of  new,  incoming  air.  For  this  reason, 
most  of  the  analysis  of  surface  index  variations  is  concerned 
with  the  changes  in  the  water  vapor  pressure  and  its  dependence  on 
local  conditions. 

RADIO  REFRACTIVITY  AT  THE  WATER  SURFACE  Ns 

The  layer  of  air  immediately  in  contact  with  the  water  surface 
will  reach  an  equilibrium  temperature  equal  to  the  surface  water 
temperature.  It  will  also  adjust  its  vapor  pressure,  in  accordance 
with  this  equilibrium  temperature,  to  approach  a  completely  saturated 


9 


9 


6 


-  condition.  Knowing  the  surface  water  temperature,  therefore, 

provides  an  equivalent  air  temperature  under  saturated  vapor 

I 

pressure  conditions.  Using  tables  relating  the  saturated  vapor 
pressure  with  air  temperature  and  knowing  the  barometric  pressure 
at  the  surface  yields  a  surface  value  for  refractivity ,  Ng. 

TEMPERATURE  EXCESS  -  T.E. 

The  relative  temperature  between  the  air  over  the  water 

f  51 

and  the  water  itself  is  called  the  temperature  excess.  J 

T.E.  ~  Air  Temp.  -  Surface  Water  Temp.  (3) 

In  the  case  where  warm  air  passes  over  cooler  water,  the 

*  temperature  excess  is  positive  and  the  air  cooled  by  surface  contact 

will  not  rise  into  the  overlying  warmer  air  mass.  Conditions  are 

I 

called  "stable”  and  the  representative  air  temperature  and  humidity 
above  the  surface  are  representative  of  the  air  mass  before  it  passed 
over  the  water.  In  the  reverse  case,  where  T.E.  is  negative, 
instability  results.  The  cool  air  overriding  the  water  is  modified 
by  the  vertical  motion  of  the  air  warmed  by  the  water  surface. 

Increased  mixing  therefore  changes  the  characteristics  of  the  incoming 
air  and  also  tends  to  produce  more  homogeneous  conditions  in  the 
vertical.  Instability  therefore  reduces  the  possibility  of  having  stratified 
conditions  and  large  vertical  index  gradients  near  the  surface  of  the 

*  water.  There  is  of  course  mechanical  mixing  to  consider,  which  is 
governed  by  the  wind  velocity  and  fetch  or  distance  of  overwater 
travel.  Strong  surface  winds  will  increase  wave  height  and  surface 
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roughness.  In  such  a  case,  even  with  stable  conditions,  the  mechanical 
mixing  which  occurs  would  make  the  air  more  homogeneous  near  the 
water  surface. 

One  might  therefore  conclude  that  stability  and  relatively 
calm  wind  conditions  are  a  prerequisite  for  the  development  of  large 
and  horizontally  stratified  gradients  at  or  near  the  water  surface. 

N -DEFICIT 

The  N-deficit  is  defined  as  the  difference  between  the 
refractivity  determined  at  the  water  surface  Ng  and  the  refractivity 
of  the  overlying  air  mass,  Na,  therefore, 

N.  D.  =  Ns  -  Na  (  4) 

If  warm,  dry  air  overflows  cooler  water,  the  N-deficit  will  be  positive, 
or  superstandard.  This  is  necessarily  true  because  in  Equation  (2) 
the  water  vapor  pressure  and  refractivity  of  dry  air  will  be  less 
than  for  saturated  air  at  the  water  surface.  Also,  the  fact  that 
stability  exists  will  enhance  the  formation  of  a  super  standard  surface 
layer  (surface  duct)  . 

If  the  overlying  air  is  warm  and  moist,  the  N-deficit  may  be 
either  positive  ( superstandard)  or  zero  (  standard)  .  If  the  N-deficit 
becomes  negative  (substandard)  ,  there  is  the  possibility  of  an 
elevated  surface  duct  forming.  Figures  2,  3,  and  4  (taken  from 
Ref.  5)  show  the  three  possible  N-deficit  cases  under  stable  conditions. 
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IA- 1 9 , 9 6 5  | 


i - 1 - - 

55F  60F  65  F 


Figure  2.  Example  of  Positive  N  Deficit 


IA  -  I9,966~f 


I - I - 1 - 1 - 1 - 1 

55F  60  F  65  F  70F  75F  80F 


Figure  3.  Example  of  Zero'N  Deficit 


When  cool,  dry  air  overflows  warmer  water  the  N-deficit  would 
be  super-standard  and  would  tend  to  cause  the  formation  of  a  surface 
duct.  Due  to  instability,  this  duct,  if  formed,  would  remain  close  to 
the  surface,  and  should  eventually  dissipate  as  the  air,  warmed  by  the 
surface,  continues  to  rise. 


IA  -  I9,967[ 


Figure  4.  Example  of  Negative  N  Deficit 
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SECTION  III 
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INVESTIGATION  OF  LAKE  SURFACE  MEASUREMENTS 

In  the  light  of  previous  discussions  it  would  be  useful  to  catego¬ 
rize  the  surface  measurements  and  attempt  to  predict  those  instances 
favoring  the  formation  of  surface  ducts. 

Table  I  shows  a  list  of  the  temperature  excess,  N-deficit,  wind 
speed  and  direction,  and  wave  height  for  various  test  periods  from 
16  September  to  8  October  1964.  A  discussion  of  the  measurements 
and  methods  used  to  derive  this  data  is  presented  in  Appendix  II. 

In  all  cases,  the  N-deficit  is  positive,  and  the  temperature  excesses 
are  generally  negative,  indicating  that  the  overflowing  air  was,  usually, 
cooler  than  the  water  temperature.  On  the  occasion  when  the  air  tem¬ 
perature  was  slightly  warmer  than  the  water  temperature  the  wind 
direction  was  from  the  south. 

The  preponderance  of  unstable  conditions  would  tend  to  reduce 
the  probability  of  strong  super- ref raction  effects  extending  to  any 
significant  level.  However,  the  cases  where  such  situations  might 
occur  can  be  selected  on  the  basis  of  previous  criteria. 

(a)  a  strong,  positive  N-deficit 

(b)  near-neutral  or  stable  conditions 

(c)  low  wind  speeds 
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*  Wind  instrument  unserviceable. 
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On  the  basis  of  this  selection  the  following  cases  satisfy  all 
conditions: 

(1)  Mission  103-21  September  -  1051 

(2)  Mission  106  -  24  September  -  1354 

The  following  cases  satisfy  the  same  conditions,  however  the  wind 
speed  is  somewhat  greater: 

(1)  Mission  103  -  21  September  -  1249 

(2)  Mission  105  -  23  September  -  1145 

(3)  Mission  106  -  24  September  -  1217 

(4)  Mission  114-8  October  -  1610 

In  general,  based  on  the  surface  stability,  N  deficit  and  wind 

speed  considerations,  Missions  103,  105,  106  and  114  appear  to  favor 

conditions  for  a  strong  gradient  to  form  over  the  lake  surface.  Also 

because  of  the  large  surface  N  deficits  and  near-neutral  conditions, 

[5] 

the  gradients  could  extend  to  levels  well  above  the  surface. 

COMPARISON  OF  LAKE  SURFACE  MEASUREMENTS  WITH  INTER¬ 
FEROMETER  RESULTS 

The  reflection  interferometer  results,  described  in  Volume  I 
* 

of  MTR-118,  illustrated  that  the  larger  values  of  effective  earth  radii, 
Ae,  represent  larger  radio-path  bending  conditions.  When  experimental 

interferometer  data  was  obtained  with  the  rays  close  to  the  lake  surface, 
*  Available  as  ESD-TR-67-357,  Vol.  I  (of  three  volumes). 
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it  was  expected  that  larger  values  of  effective  earth  radii  should  cor¬ 
respond  with  larger  values  of  the  surface  index  gradient. 

Table  II  shows  the  tendencies  for  the  Ae  values  to  increase, 
remain  constant  or  decrease  as  the  interferometer  signal  source 
approached  maximum  range  (low  angle  case).  From  the  lake  surface 
(Appendix  II)  and  the  radiosonde  measurements  (Appendix  III)  the  average 
gradient  between  the  8  and  539-foot  height  interval  is  presented  for 
comparison  with  the  Ae  tendencies. 


TABLE  II 

Ae  Tendency  AN  Between 


Mission 

At  Long  Ranges 

8  Ft.  and  539  Ft. 

102 

increasing 

average  10 

103 

varying 

11-28 

104 

level 

no  surface  data 

105 

increasing 

10  -  17 

106 

varying 

10  -  19 

107 

level 

8-5 

108 

decreasing 

1  -  3 

109 

level 

5-10 

110 

decreasing 

no  surface  data 

111 

varying 

5  -  8 

112 

level 

0-8 

113 

increasing 

average  7 

114 

level 

14  -  12 

14 


A  comparison  of  data  shows  that  the  larger  gradients  are 


I 


I 


associated  with  missions  103,  105,  106  and  114.  Referring  to  the 
preceding  section,  it  should  be  noted  that  lake  surface  measurements 
also  predicted  these  missions  provided  the  best  conditions  for  a  surface 
gradient  to  develop  at  extended  heights  over  the  water.  Referring 
again  to  Table  II,  it  is  apparent  that  the  behavior  of  the  effective  earth's 
radii  values  is  essentially  uncorrelated  with  the  magnitudes  of  the 
surface  gradients.  For  example,  mission  113  indicates  that  the 
surface  gradient  is  comparatively  low,  however,  the  earth's  radius 
values  are  increasing  with  range.  Alternatively,  for  mission  114, 
with  a  larger  surface  gradient  there  is  no  increase  in  Ae  values  with 
range. 

The  apparent  lack  of  correlation  between  the  interferometer 
measurements  of  the  amount  of  bending  and  the  surface  gradient 
conditions  might  be  explained  as  follows.  These  gradient  conditions 
represent  local  behavior  related  to  the  immediate  area  of  Cold  Lake. 
Ray-tracing  results  show  that  for  low  elevation  angles,  for  example, 

3  milliradians,  the  ray  travels  a  distance  of  30  miles  before  reaching 
a  height  of  about  600  feet  and  travels  110  miles  to  reach  a  height  of 
8000  feet.  This  path  geometry  is  shown  in  Figure  5.  On  the  average, 
approximately  1.  5  mr  total  ray  bending  occurs  during  the  first  30  n.  m. 
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Figure  5.  Ray  Path  Geometry 


and  about  4.  5  mr  in  the  final  80  n.  m.  Therefore,  it  is  apparent  that 
the  overall  bending,  or  in  other  words,  the  magnitudes  of  the  effective 
earth's  radii  values  are  very  dependent  upon  the  propagation  conditions 
beyond  the  immediate  area  of  Cold  Lake  and  at  heights  well  above  the 
lake  surface. 

From  Table  II  a  comparison  of  missions  113  and  114  shows 
that  the  surface  gradient  for  mission  114  was  larger.  However,  the 
interferometer  values  of  the  effective  earth's  radii  were  not  only 
lower  for  this  mission  (see  Vol.  I,  MTR-118),  but  did  not  increase 
with  range,  as  might  be  expected.  Referring  to  Figure  6,  it  is  apparent 


I 
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Figure  6.  Radiosonde  Profiles, 

Missions  113  and  114 

that  although  the  surface  gradient  is  larger  for  mission  114,  the  gradient 
decreases  rapidly  above  539  feet  and  in  fact  decreases  again  at  3200  feet. 
The  ray-path  geometry  clearly  shows  that  the  bending  experienced  by 
the  ray  above  539  feet  is  considerably  greater  for  mission  113. 

A  similar  type  of  comparison  can  be  made  between  missions 
108  and  109.  Referring  to  Table  II,  the  smaller  surface  gradient 
exists  with  mission  108,  and  the  amount  of  ray  bending  measured 
with  the  interferometer  is  decreasing  with  range.  With  mission  109, 
however,  the  degree  of  bending  is  essentially  constant  with  range, 
although  the  surface  gradient  is  greater. 


Referring  to  Figure  7,  it  is  apparent  that  the  overall  refrac- 
tivity  gradient  is  essentially  constant  for  mission  109,  which  implies 
a  constant  amount  of  bending  with  range.  The  increased  bending  which 
occurs  because  of  the  surface  gradient,  apparently  does  not  contribute 
sufficiently  to  affect  the  interferometer  data. 

However,  this  is  not  the  case  with  mission  108.  From  Figure  8, 
the  variation  in  the  earth's  radii  data  is  apparently  due  to  the  interaction 
of  a  relatively  large  gradient  (-2.  06  N/100  ft.  )  above  500  feet  and  an 
extremely  low  gradient  (-0.48  N/100  ft.)  below  this  level.  Therefore 
at  500  feet  the  magnitude  of  the  gradient  increases  by  1.  58  N/100  feet 


Figure  7.  Radiosonde  Profile, 
Mission  109 
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I 


Figure  8.  Radiosonde  Profile, 
Mission  108 

/ 


for  mission  108  and  is  slightly  decreased  by  0.  26  N/100  feet  for 
mission  1  09. 

Referring  to  Vol  I,  MTR-118,  these  Ae  values  could  usually  be 
related  to  changes  in  the  magnitudes  of  the  gradients  at  the  higher  levels. 
This  is  an  important  observation  since  it  implies  that  it  may  be  possible 
to  determine  the  effective  refractivity  profile  solely  from  radio  inter¬ 
ferometer  measurements. 


THE  ASSOCIATION  OF  SURFACE  GRADIENTS  WITH  POSSIBLE 
TRAPPING  CONDITIONS  FOR  THE  REFLECTED  RAY 

Table  I  shows  N-deficit  values  from  11  to  27  units.  The 


refractivity  measurements  taken  in  the  air  were  at  a  level  approxi- 
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mately  8  feet  (2.  44  m)  above  the  surface  of  the  water.  These  values 
therefore  represent  surface-level  gradients  from  4.  5  to  11  N-units 
per  meter. 

The  maximum  wavelength  which  may  be  trapped  by  this  surface 
layer  and  for  grazing  conditions  (Ref.  6,  pp  20-21)  is  given  by, 

X  max  —  0.  25  (An)^^  d^^  (3) 

where  Xmax  =  wavelength  (cms) 

AN  =  refractivity  gradient  (N  units/meter) 

d  =  thickness  of  the  layer  (meters) 

For  a  layer  thickness  of  8  feet,  i.  e.  ,  2.  44  meters,  and  a  maximum 
gradient  of  1 1  N/meter,  then 

X  max  —  3.  14  cms  (4) 

Since  L-band  (30  cm)  and  S-band  (10  cm)  radio  signals  were  used  in 
the  interferometer  experiment,  it  is  apparent  that  the  surface-level 
layer  would  not  have  enough  thickness  to  trap  the  reflected  signal. 

Referring  to  the  records  of  the  received  radio  signals  (Vol.  I, 
MTR-118)  there  was  no  evidence  that  the  reflected  ray  was  ever  trapped 
during  S  and  L  band  operation.  In  retrospect  it  is  unfortunate  that 
X  band  (3  cm)  radiation  was  not  available  because  this  wavelength  could 
have  approached  the  condition  for  trapping. 
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SECTION  IV 


CONCLUSIONS 

It  has  been  demonstrated  that  lake  surface  measurements  can 
be  used  to  determine  conditions  for  large  gradients  to  form  over  the 
surface.  If  the  N  deficit  is  large,  the  stability  small,  and  the  wind 
speed  low,  the  gradient  can  extend  to  a  considerable  height. 

Although  these  predictions  were  suprisingly  good,  there  was  no 
correlation  with  the  interferometer  calculations  of  the  apparent 
effective  gradient.  However,  it  was  pointed  out  from  ray-tracing 
analysis  that  only  a  small  part  of  the  total  bending  occurs  within  the 
immediate  area  of  the  lake  surface.  At  low  elevation  angles  the  ray  is 
affected  by  the  propagation  conditions  extending  at  least  80  n.  m.  beyond 
the  lake  and  by  a  height  interval  an  order  of  magnitude  greater  than 
the  interval  (539  feet)  over  the  lake  surface. 

The  earth  radii  calculations  from  the  interferometer  data 
therefore  depend  largely  upon  the  conditions  beyond  the  lake  surface. 
However,  for  short  radio  wavelengths  (3  cms)  the  surface  data  is 
important  to  define  trapping  conditions  for  the  reflected  ray.  Also  for 
long  over-water  paths  and  low  elevation  angles  the  effects  of  these 
surface  conditions  become  very  important. 
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To  summarize,  the  surface  conditions  during  the  Cold  Lake  test 
did  not  have  a  significant  impact  on  the  radio  path  results.  This  was  due 
to  the  localized  effect  of  the  lake  conditions  on  ray  bending  and  the 
inability  of  even  strong  lake  surface  gradients  to  trap  S  and  L  band 
wavelengths. 

The  largest  N  change  over  the  539-foot  height  interval  (28  N  units) 
barely  approaches  a  condition  to  trap  S  and  L  band  radiation.  How¬ 
ever,  it  is  localized  to  the  immediate  vicinity  of  Cold  Lake  and  therefore 
has  insufficient  horizontal  extent  to  be  very  effective. 

The  results  indicate  that  the  interferometer  can  be  used  to 
describe  the  general  behavior  of  the  refractivity  gradient  at  various 
height  intervals  (Ref.  Vol.  I,  MTR-118).  In  addition,  fairly 
simple  surface  measurements  can  be  used  to  indicate  the  strength  and 
extent  of  the  gradient  overlying  a  water  surface.  This  latter  determination 
becomes  more  effective  for  extended  over-water  propagation  at  low 
elevation  angles. 

Together,  the  interferometer  and  surface  prediction  techniques 
appear  to  offer  a  useful  method  to  determine  the  characteristics  of 
radio  propagation  conditions  with  a  minimum  degree  of  direct  meteoro¬ 
logical  support. 
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APPENDIX  I 


Cl  31  AIRCRAFT  INSTRUMENTATION 


INTRODUCTION 


To  determine  the  absolute  value  of  the  index  of  refraction  it  is 

necessaryto  know  the  air  temperature,  air  pressure  and  the  water 
[7] 

vapor  pressure.  Relative  changes  in  the  index  can  be  measured 

using  a  microwave  refractometer,  and  the  absolute  values  can 

subsequently  be  found  by  relating  the  readings  at  a  particular  time 

against  an  absolute  standard.  The  standard  may  be  at  some  height  on 

a  radiosonde  sounding  or  at  low  levels  by  flying  the  aircraft  against 

instrumentation  on  a  tower.  In  many  applications  it  is  sufficient  to 

know  the  relative  change  of  index  with  height,  since  the  index  gradient 

[2] 

determines  the  degree  of  ray  bending. 

A  C131B  aircraft  was  instrumented  to  make  measurements  of 

the  above  parameters.  Figures  9  and  10  show  pictures  of  the  aircraft 

and  some  of  the  external  probes.  In  addition,  special  emphasis  was 

given  to  the  methods  for  recording  data  in  digital  format  such  that 

computers  could  be  used  to  assimilate  and  process  large  quantities  of 

data.  Analog  recordings  are  used  for  in-flight  observations  and  to 

assist  in  determining  the  degree  of  fine  structure  associated  with  a 

given  parameter. 
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Figure  9.  Cl  31  -  ESD  Aircraft 


Figure  10.  C131  -  ESD  Aircraft;  Probes 
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The  following  sections  describe  the  instruments  used  to  measure 

various  parameters  and  the  methods  to  record  and  process  data. 

GENERAL  OUTLINE  OF  INSTRUMENTATION  AND  MEASURABLE 
PARAMETERS 

Figure  11  shows  a  general  outline  of  the  aircraft  installation. 

The  voltage  variations  from  the  sensors  are  recorded  on  paper  chart, 
magnetic  tape,  and  in  digital  format  on  punched  paper  tape.  Table  III 
lists  the  various  parameters  which  are  recorded. 

TABLE  III 


Parameters  Recorded  by  Aircraft  Instrumentation 


Instrument 

Parameter 

Frequency 

Response(Hz) 

Accuracy 

Digital  Clock 

Time 

— 

108 

Crain  Refractometer 

Refractivity-  N 

150* 

±0.  5N(relative) 

SCR-V18  Radar  Alt. 

Height 

1 

±50  ft. 

EK-Platinum  Wire 

Temperature 

8 

±0.  2°C 

AMQ8- Thermistor 

Temperature 

2 

±0.  2°C 

KS4- Thermistor 

Temperature 

5 

±0.  2°C 

KS4- Carbon  Strip 

Relative  Humidity 

3.  25 

±10% 

Strathan  Accelerometer 

Vertical  Acceleration  2 

±0.  2g 

Giannini  Transducer 

Airspeed 

1 

±  5  kts. 

MKS  Transducer 

Pressure 

1 

±  0.  2  mb. 

Refractometer  cavity 

response  less  than  10 

Hz.  QOJ 
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Figure  11.  Block  Diagram  of  Cl  31  No  7812  Installation 


Paper  Chart  Recorder 


The  chart  recorder  is  a  CEC  model  5-119,  optical,  oscillo¬ 
graph  recorder  with  36  channels.  The  maximum  frequency 
response  of  the  galvanometers  is  about  30  Hz.  One-  or  ten- second 
timing  marks  are  recorded  on  the  chart  together  with  event  marks 
to  designate  special  situations  which  occur  during  in-flight 
operation. 

The  photo- sensitive  paper  is  developed  as  recordings  take 
place  and  the  information  is  thereby  made  available  for  visual 
observation  during  the  flight.  Figure  12  shows  a  sample  of  this 
recording. 

Magnetic  Tape  Recorder 

Analog  voltages  from  all  sensors  are  recorded  on  a 
14-channel  Ampex  recorder,  model  AR-800.  The  frequency 
response  of  this  instrument  far  exceeds  the  signal  information 
bandwidth.  A  playback  system  with  recorder  permits  the  fine- 
structure  of  a  selected  parameter  to  be  investigated;  provision 
is  also  made  to  play  the  data  into  a  spectrum  analyzer  for  scale- 
size  analysis. 

The  tape  recorder  is  a  valuable  back-up  to  recover  data 
should  the  other  recording  systems  fail  for  some  reason.  Figure  13 
shows  a  sample  of  index  of  refraction  recordings  made  from  the 
Crain  ref ractometer  and  magnetic  tape  data. 
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Figure  12.  Sample  of  CEC  Datagraph  Recording 
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Figure  13.  Relative  Radio  Refr activity  Profile 


Digital  Data  Recorder 


Analog  voltages  are  converted  into  digital  format  using  a 
digital  voltmeter.  In  addition,  the  IF  output  from  the  Crain 
refractometer  is  also  digitized  using  a  frequency  counter.  The 
radar  altitude  is  converted  to  digital  form  using  a  time-interval 
counter.  Therefore  both  analog  signals  and  raw  digital  data  are 
fed  into  the  digital  data  logger.  All  signal  channels  are  sequentially 
scanned  and  the  information  is  punched  in  paper  tape.  Figure  14 
shows  a  sample  of  one  complete  scan  of  all  channels  together  with 
the  encoded  information. 

The  recorded  data  is  then  transferred  onto  magnetic  tape 
and  can  then  be  processed  using  a  special  purpose  computer 
program. 
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BEGIN  SCAN  OF  ALL  CHANNELS 
TIME  39  MINS.  00  SECS. 

SPARE 

REFRACTOMETER  FREQUENCY  1469  KCS. 

SPARE 

RADAR  ALTIMETER  HT.  -  MICROSECONDS.  (INOPERATIVE) 

EVENT  VOLTAGE  0.0022 

MKS.  PRESSURE  VOLTAGE  0.749 

GIANNINI  AIRSPEED  VOLTAGE  0.857 

KS4  -  TEMPERATURE  VOLTAGE  0.722 

EK-  TEMPERATURE  VOLTAGE  0.637 

KS4"  RELATIVE  HUMIDITY  VOLTAGE  0.774 

INDEX  OF  REFRACTION  (N)  VOLTAGE  I.OII 
AMQ-8-  TEMPERATURE  VOLTAGE  0.851 


Figure  14.  Sample  of  Digital  Tape  Recording 
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ANALYSIS  OF  DIGITAL  DATA 

A  special-purpose  computer  program  was  developed  to 
obtain  corrected  values  of  the  free-air  variables.  Each  probe  is 
affected  by  air  speed  and  pressure,  and  the  correction  coefficients 
to  remove  these  errors  were  determined  from  calibration  flights. 

For  example,  in  the  calibration  of  the  temperature  probes,  flights 
were  made  at  various  speeds  along  a  path  parallel  to  the  isothermal 
lines  obtained  from  weather  maps.  The  compilation  of  data  eventually 
yielded  a  mean  value  for  the  correction  constant  relating  temperature 
variation  with  air  speed.  Similar  tests  were  used  to  determine  the 
correction  coefficients  applied  to  the  refractometer  cavity.  Both 
radiosonde  data  and  low-level  flights  past  an  instrumented  tower 
were  used  to  calibrate  the  various  sensors. 

The  raw  data  is  fed  into  the  computer,  corrected,  and  printed 
out  in  tabular  form.  From  the  corrected  data  other  meteorological 
parameters  are  calculated  such  as,  mixing  ratio,  potential 
temperature,  geopotential  height.  Table  IV  shows  samples  of  the 
printout  which  include  the  raw  input  data,  the  corrected  data 
and  the  meteorological  parameters  mentioned  above.  When  required, 
selected  parameters  may  be  plotted  directly  as  the  data  comes 
from  the  computer.  The  most  useful  data  is  the  average  variation 
of  the  index  of  refraction  with  height.  This  profile  can  then  be  used 
with  a  ray-tracing  program  to  determine  the  amount  of  radio  ray 
bending  and  delay  when  a  signal  is  propagated  through  the  defined 
medium. 
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Computer  programs  are  also  available  to  permit  a  correlation 
analysis  of  any  particular  parameter.  For  example,  the  auto¬ 
correlation  function  of  index  of  refraction  reveals  information 
about  the  scale-size  distribution,  limited  in  its  accuracy  by  the 
response  time  of  the  ref ractometer  cavity. 

COMPLEMENTARY  EQUIPMENT 

A  35-mm  camera  is  located  on  a  gyro- stabilized  mount  to 
photograph  the  earth's  surface.  This  camera  has  been  used  to 
record  sea- state  and  to  fix  the  aircraft  position  over  a  particular 
geographical  point.  It  is  particularily  useful  in  the  study  of  land- 
sea  interface  investigations  where  the  meteorological  measurements 
may  be  associated  with  a  precise  position  at  the  land- sea  boundary. 

A  drift  meter  was  installed  to  observe  the  surface  and  thereby 
control  the  start-stop  times  of  the  camera. 

Air-inlet  and  exhaust  ducts  are  available  to  obtain  air 
samples  during  flight.  This  installation,  with  special  filters 
supplied  by  the  University  of  Stockholm,  has  been  used  to  measure 
gas  constituents  and  isotope  content.  The  air-inlet  system  will 
eventually  be  used  with  a  dew-point  hygrometer  to  make  direct 
readings  of  the  water-vapor  pressure. 
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SUMMARY 


Aircraft  #7812  has  been  instrumented  to  make  accurate 
measurements  of  atmospheric  meteorological  parameters,  the 
most  important  being  the  index  of  refraction  for  ray-tracing 
analysis.  The  recording  systems  are  designed  to  permit  visual 
observations  during  flight  and  also  to  record  data  for  processing 
in  specialized  computer  programs.  For  the  particular  applications 
in  the  study  of  radar  errors  due  to  propagation  conditions,  tropospheric 
scatter  communications  and  atmospheric  measurements  the  installa¬ 
tion  has  proven  itself  to  be  versatile  and  adequate  to  meet  the 
assigned  missions. 
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APPENDIX  II 


COLD  LAKE  SURFACE  MEASUREMENTS 

Meteorological  measurements  were  made  from  an  RCAF 
launch  on  the  surface  of  Cold  Lake  during  the  time  radio  signal 
measurements  were  being  made.  Psychrometric  readings  were  taken 
to  obtain  the  refractive  index  at  a  height  of  approximately  eight 
feet  above  the  water  surface.  Surface  water  temperature  readings 
were  obtained  to  calculate  the  index  of  refraction  at  the  surface. 
Periodic  measurements  were  made  of  the  wind  speed  and  direction 
and  estimates  were  made  of  the  lake  surface  wave  conditions. 

A  list  of  measured  and  calculated  parameters  is  shown  irj 
Table  V. 
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Cold  Lake  Surface  Data 
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Slight  -  6  inch  peak  to  trough. 
Moderate  -  1  foot  peak  to  trough. 


APPENDIX  III 


RADIOSONDE  DATA 

Radiosonde  launches  were  made  periodically  during  the  time 
radio  signal  measurements  were  being  made  at  Cold  Lake.  The  launch 
site  was  slightly  north  from  Cold  Lake  and  at  a  height  of  539  feet 
relative  to  the  lake  surface. 

Additional  information  such  as  sky  conditions  and  winds  aloft 
data  is  available  in  tabular  form  at  MITRE  but  has  not  been  included 
as  part  of  this  report. 
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Water  Vapor  Index  of 

Pressure  Pressure  Radio 

P  Temperature  e  Refractivity 
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